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Chapter 1: Introduction

Abstract:
Cerebrovascular diseases like intra cerebral hemorrhage are quite deadly and may
disturb functioning of the brain, expanding and resulting in formation of an intra
cerebral hematoma(ICH). It is imperative to comprehend how hematoma and its
expansion inside the brain endangers human life. One of the influences of an ICH inside
brain tissue is on the Lateral Ventricles(LV). When the hemorrhage occurs close
enough to the lateral ventricles, filled with cerebrospinal fluid(CSF), it disrupts the
balance of fluid in LV. A minor pressure change in LV can negatively influence the
production of CSF as well as an increase in intracranial pressure. This Investigation
uses numerical simulations to determine the nature of these influences on lateral
ventricles. Here, the analysis looks at four different volumes of ICH where the distance
between the hematoma and lateral ventricles are varied between 8mm, 12mm and
16mm. In addition, the perpendicular progression of hematoma towards the lateral
ventricles at 1mm, 2mm and 3mm is also an independent determinant. The results are
classified on the basis of effective stresses and effective plastic strains, maximum strain
in ventricles and Intra cranial pressure measured in the different regions of brain as a
result of the progression. The outcomes determined that the size of ICH, its distance
relative to the lateral ventricles and progression towards them, might set the foundation
of ventricular diseases. Lastly, the mechanism with which an Intra Cerebral
Hemorrhage induces an Intraventricular Hemorrhage (IVH) and hydrocephalus is
discussed in detail with reference to the findings of this analysis.

Keywords: Intra cerebral Hematoma, Lateral Ventricles, Hematoma Progression, Intra
Cranial Pressure, Intraventricular Hemorrhage
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1.Introduction:
Intracerebral hemorrhage is reportedly responsible for 10–30 % of all the Strokes[1].
Being the deadliest stroke, it scores a 30-day mortality rate of over 40 %[2]. Negligence
and neurological deterioration of ICH results in formation and expansion of hematoma.
ICH is induced by hypertension, head trauma, arteriovenous malformations and
diseases with spontaneous outflow of blood into the brain parenchyma [3]. The
Location and origin of hematoma determines the suitable medical or surgical treatment
to cure and remove the blood clot, therefore relieving the pressure and its adverse
effects on the brain. Extensive research has looked upon the various clinical and
biomechanical aspects of intracerebral hematoma, with improved understanding of this
neurological disorder.
Mechanism behind hematoma occurs by tearing the surrounding vessels and volume of
secondary bleeding is dependent on two factors: initial hematoma volume and initial
hematoma speed of growth[4]. Moreover, clearance is either red blood cells breakage,
a process called lysis, or a second process called phagocytosis. Degradation of red blood
cells release hemoglobin and iron as products of the lysis. Hemoglobin released from
red blood cells (RBCs) is scavenged by process of endocytosis by hemoglobin
scavenging receptor, CD163 on macrophages[5].In the study of mechanism of head
injury in an animal (rat, rabbit and human primates), the ICH caused by a major head
injury is either Focal or diffused injury. Focal injuries are caused by contact and shear
stress/strain rupture vessels leading to subarachnoid hemorrhage and subdural
hemorrhage while diffuse injuries are caused by acceleration-deceleration forces and
include diffuse axonal injury [6-7]. Most common risk factor contributing to ICH is
hypertension which is further aggravated by increasing age factor. Cerebral amyloid
angiopathy in which amyloid proteins accumulates in brain arteries is second very
important risk factor. Warfarin anticoagulation also aids ICH. Similarly, other risk
factors include excessive alcohol consumption, chronic kidney disease and
leukoaraiosis[8-9].
30-day mortality prediction is considered crucial while discussing a patient’s likelihood
to survive ICH. Therefore, a risk stratification scale called as the ICH Score numbered
between 0 and 6 was formulated based on strength of independent factors[10]. These
Predictors include Glasgow Coma Scale, age if greater than 80 years,
infratentorial(Cerebellum) origin of ICH, ICH volume and occurrence of
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intraventricular hemorrhage. The results from this analysis predicted a 30-day mortality
in about 45% of the patients observed. An addendum to this scale was suggested based
on the correlation of shape and size of a hematoma. The study found that a small sized
hematoma tends to have a more symmetric geometry whilst a large hematoma with
volume ≥ 30cm3 is usually unevenly shaped and is more likely to expand and
propagate[11]. Radiological data is significant in predicting and observing postadmission hematoma expansion. Hematoma expansion is observable within the 24
hours following the outbreak. Here the spot sign is identified on CT scan which
represents bleeding and is cited as a reliable radiological predictor. Transcranial duplex
sonography is another accessible and precision-based tool evaluating volume of acuteICH. These HE predictors are increasingly relevant specifically for acute ICH-patients
who are quickly rushed to emergency and may benefit from future hemostatic
treatment[12-13]. The leakage sign and CT blend sign are similar easily identifiable
and precise measures for predicting hematoma growth[14-15].

The mechanical properties of brain tissue damage from ICH are usually not reported.
Finite element analysis (FEA) is used to evaluate the stress caused due to ICH and
tensile damage caused by deformation for accurate diagnosis and improved treatment.
To estimate the degree of tissue damage in ICH, strain energy function is quantified in
2D(for tissue deformation) and 3D(for tissue tension) Brain-hematoma Models. The
results suggest significant degree of damage in accordance with tissue damage and
distribution measures because of ICH[16]. Another biomechanical analysis emphasized
on the pressure exerted by the mass effect of blood in a 2D intra-parenchymal
hemorrhage. Again, the stress-strain association in soft tissue helped to indicate that
maximal stress was located at the two ends of the hemorrhage cavity, with most stresses
distributed on the bleed region. As a result, the direction of blood accumulation is
determined by the shape of the initial blood mass[17]. The consequence of hematoma
size and shape have also been analyzed as sole subject of scrutiny. Subsequent research
used multivariable logistic regression model to evaluate the variation of shape and
density in ICH and the resultant growth of a hematoma. CT scans helped reveal that an
irregular shape of ICH was common in 46% of the patients and is independently
responsible for death or major disability. However, heterogeneous density is not an
independent indicator of poor outcome after ICH[18]. FEM of intracerebral
hemorrhage at different locations has also been used to generate putaminal hematomas
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in the lenticular nucleus. These bleeding point locations allowed expansion of
hematoma into various shapes, in some cases also collapsing the lateral ventricles.
These simulations allow study of patterns of stress distributions which are critical to
the site of bleeding[19].

A review of potential hematoma expansion (HE) indicators classified them into
clinical(consciousness

level;

blood

pressure;

blood

glucose

level),

laboratorial(coagulation and inflammation), radiographic (ICH onset span; volume,
shape and density of hematoma; intraventricular hemorrhage; the spot sign) and
integrated algorithmic predictors. [20]. Further study reveals that bleeding starts from
small, deep blood vessels and hematoma expands on soft gliotic white matter tract. As,
hematoma expand pressure increases at core and compresses peripheral vessels.
Patients who suffer from slow blood clotting have gradual process of hematoma
expansion involving few days [21]. Cerebral microbleeds (CMBs) also have a link with
hematoma expansion (HE). HE is promoted by factors such as faster bleeding rate and
chain reaction in which expanding hematoma displaces and shears surrounding vessels
and multiple new bleeding sites are created. While coagulation, local pressure that
tamponades the vessel and resistance to secondary ruptures are the processes that
decrease hematoma expansion [22].HE has been hypothesized to have outcomes based
on different locations. In a study lobar ICH was evaluated to have less HE compared to
deep ICH. The methodology involved assessment of baseline and follow-up CT within
24 hours of admission by utilization of total development edges in characterizing. HE
data might be constrained when associated with varying baseline hematoma sizes.
Further examination is required to explore the HE contrasts among lobar and profound
ICH locations[23].
The management of ICH is crucial to end the predicament of a patient. Full recovery
using non-invasive methods are encouraged and surgery is usually left as the last resort
to cure ICH. General approaches for management of intracerebral hemorrhage include
early intensive blood pressure reduction, a safe range for systolic blood pressure(below
140 mmHg) and surgery. Initial treatments such as Blood pressure lowering and
reversing the blood coagulation should be immediately provided. Temperature of the
patient also needs to be controlled by external cooling devices and intravascular cold
saline infusion and glucose levels should be maintained to prevent both hyperglycemia
8|Page
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or hypoglycemia[24]. The research directed towards Antifibrinolytic agents for early
hemostatic therapy has been found to limit hematoma expansion. Unfortunately, this
initial success does not alter the resultant severe disability or even mortality rates at 90
days [25]. However, the effectiveness of invasive surgery is considered a necessity for
spontaneous cerebellar ICH with diameter greater than 3 cm and emergency life-saving
procedures [26]. While the management of hypertension and coagulopathy are
commonly viewed as essential precepts of ICH, an assortment of measures for careful
hematoma clearing, intracranial pressure imbalance, and IVH discharge can be
additionally sought after in the developing setting for chosen patients. The
unpredictability behavior of intra-parenchymal hematoma must be followed with
increased testing and further examination [27].In addition, ICH cadaver model has also
proved to be effective and practical for neurosurgeons pursuing whether initial or
advanced knowledge in this area [28].

This Analysis uses FEM for four different volume sizes; namely Extra small, small,
medium and large. Secondly, the horizontal distance between the hematoma and lateral
ventricles are varied between 8mm, 12mm and 16mm. Thirdly, the perpendicular
progression of ICH towards the lateral ventricles at 1mm, 2mm and 3mm is also an
independent measure. This study also looks into the fact how an Intraparenchymal
hematoma can initiate an intraventricular hemorrhage by disrupting lateral ventricles.
When bleeding inside the brain occurs close enough to the lateral ventricles, it disrupts
the balance of flow in LV and can initiate an intraventricular hemorrhage. In this
analysis the displacement was applied perpendicular to the surface of ICH and the
effects of resultant displacement were measured in form of effective plastic strain,
maximum strain and maximum pressure or Intra cranial pressure. Thus, this analysis is
designed to pursue the influences a slight change in position of ICH has on the Lateral
ventricles.
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2. Materials and methodology:
2.1. Head model data:
The head model used in this analysis has been created by Elemance LLC, the distributor
of Global Human Body Model Consortium (GHBMC) [29]. The geometrical data of
the human body was collected following Institutional Review Board (IRB) approval at
Wake Forest University School of Medicine. Target (175.3 cm) was a 26 years old male
with no major anatomical abnormality. The model was obtained from an MRI scanning
(256 by 256 resolution). The original model considered the neck along with the head
and needed modification. Consequently, to understand the model better, neck was
removed to focus on analysis with the human head/brain as seen in Figure 2(a).
The refined model has the detailed and parameterized finite elements (FE) of the adult’s
human head. It includes 61 components (2D and 3D) such as the meninges, the
cerebrospinal fluid, the cerebrum or the corpus callosum for example. The others are
listed in table 2 and 3. The original model of head consisted of 436 parts and 488,453
elements. Since this study was focused on hematoma impacts on lateral ventricles, the
model was simplified to 56 parts and 172, 945 elements. The different parts of the
head/brain were modeled either with shell or solids elements and mesh with
quadrilateral elements. Quadrilateral elements are always accurate compared to
triangular elements because displacements are interpolated to a higher degree in
quadrilateral than in triangular elements. A three nodded triangle is a known as
Constant Strain Triangle (CST) because strain in those elements is constant, whereas in
case of quadrilateral, it’s not. In current investigation, it is important to be the model is
required to be much more accurate as the major results revolve about strain. A 0.5 mm
thickness was assigned to all the shell elements.
This element-based, simplified model of head is computed by LS-DYNA software
developed by the Livermore Software Technology Corporation. LS-DYNA is an
advanced and powerful software in solving complex dynamic simulations. The
different locations of hematomas in brain and the head model used in this study are
depicted in Figure 1(a, b) and 2(a, b) respectively.
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(a) Location of Epidural, Subdural and Intra cerebral hematoma

(b) Location of Intra cerebral hematoma
Figure 1: Different locations of Brain hematomas
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(a) Original Head and Neck Model

(b) Simplified Head Model

Figure 2: The Elemance head model used in this analysis
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2.2. Materials properties:
The mechanical properties of the brain have been examined extensively in vitro
where postmortem and dissection likely cause change in its properties, but less data
has been obtained in vivo because of the difficulty in making measurements noninvasively. The in vivo viscoelastic properties of the brain may also change during
disease pathogenesis or aging. Magnetic resonance elastography (MRE) is an
innovative imaging technique developed to non-invasively map and quantify the
viscoelastic properties of tissue in vivo [30-31]. Many brain tissue material
properties have been reported in the literature. In the model used in this analysis the
brain tissues are modeled either using the Kelvin Maxwell viscoelastic properties
[32], elastic properties or linear plasticity properties. For example, the viscoelastic
law has been given by this expression:
𝐺(𝑡) = 𝐺∞ + (𝐺0 − 𝐺∞ )𝑒 −𝛽𝑡

Eq. 1

Where;
𝑮∞ is the long-term shear modulus once the material is totally relaxed,
𝑮𝟎 is the short-term shear modulus and
𝜷 is the relaxation time.
A more complex model can be constructed by increasing the number of elements. A
complex viscoelastic rheological model will usually be of the form of the generalized
Maxwell model or the generalized Kelvin chain, shown in Figure 3. The generalized
Maxwell model consists of N different Maxwell units in parallel, each unit with
different parameter values. The absence of the isolated spring would ensure fluid-type
behavior, whereas the absence of the isolated dash-pot would ensure an instantaneous
response. The generalized Kelvin chain consists of a chain of Kelvin units and again
the isolated spring may be omitted if a fluid-type response is required. In general, the
more elements one has, the more accurate a model will be in describing the response of
real materials. That said, the more complex the model, the more material parameters
there are which need to be evaluated by experiment – the determination of a large
number of material parameters might be a difficult, if not an impossible, task.
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Being a mechanics study, the elastic model also needs to be defined. So, for
the FEA performed, a modified form of Hooke’s law for elastic material is
also defined, where its constitutive equation is:
𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙: 𝜖𝑘𝑙

Eq.2

The units used in this evaluation are shown in table 1. Moreover, all the relevant
materials properties for this model are listed in the tables 2 and 3 below:

Figure 3: Schematic of Generalized Maxwell Model

Table 1: The units system used in this analysis
Mass

Time

Stress

Length

Force

kg

ms

GPa

mm

kN
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Table 2: The elastic properties of the different regions in brain and skull
Elastic
Part

Mass density

Young Modulus

Poisson’s ratio

Brain
Tentorium

1.1E-06

0.0315

0.30

Arachnoid

1.1E-06

0.0120

0.35

Falx

1.1E-06

0.0125

0.35

Sinus Dural

1.1E-06

0.0315

0.35

Skull
Diploe

1.1E-06

0.6

0.30

Maxillary

1.1E-06

0.001

0.30

Outer Skull

2.1E-06

10

0.25

Inner Skull

2.1E-06

10

0.25

Dura

1.1E-06

0.0315

0.35
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Table 3: The viscoelastic properties of the different regions in brain
Part

Density

Bulk
Modulus

Short-time shear
modulus

Long-time shear
modulus

Cerebellum

1.060e-006

2.1900001

6.000e-006

1.200e-006

Cerebrum Gray
Lower
Cerebrum Gray
Upper
Corpus Callosum

1.060e-006

2.1900001

6.000e-006

1.200e-006

1.060e-006

2.1900001

6.000e-006

1.200e-006

1.060e-006

2.1900001

7.500e-006

1.500e-006

Thalamus

1.060e-006

2.1900001

6.000e-006

1.200e-006

Lateral Ventricle

1.040e-006

2.1900001

5.000e-006

1.000e-006

Brainstem

1.060e-006

2.1900001

1.200e-006

2.400e-006

CSF Cerebrum

1.040e-006

2.1900001

5.000e-006

1.000e-006

Basal Ganglia

1.060e-006

2.1900001

6.000e-006

1.200e-006

CSF Cerebellum

1.040e-006

2.1900001

3.000e-006

6.000e-006

Ventricle Third

1.040e-006

2.1900001

5.000e-006

1.000e-006

Sagittal Sinus

1.040e-006

2.1900001

5.000e-006

1.000e-006

Cerebrum White

1.060e-006

2.1900001

7.5.00e-006

1.500e-006

Hematoma

1.060e-006

2.1900001

4.800e-006

9.600e-007
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2.3. Hematoma size and location:
Since the model of head is not solid but elements-based, the shape of hematoma was
created by picking quadrilateral elements from Cerebrum White part, splitting elements
to receive fewer sharp edges and moving them into another part defined as hematoma.
The different factors varied in this study are summarized and the properties of the
different sizes of ICH used in this study are summarized in Table 4 and Table 5
respectively.
Table 4: The different factors varied in this study
Size of Hematoma

Volume (cm3)

Symbol

Extra Small

5

S1

Small

13

S2

Medium

23

S3

Large

33

S4

Perpendicular Displacement
towards hematoma

Displacement (mm)

Symbol

1

D1

2

D2

2

D3

Distance (mm)

Symbol

8

T1

12

T2

16

T3

Distance between hematoma
and lateral ventricles

Table 5: The properties of the different size of ICH in the brain
Size of

Volume,

Number of Dimensions, between 2 nodes, mm

mm3

Elements

x

y

z

Extra Small

5147.74

34

9.74

5.92

4.36

Small

13384.43

52

13.78

9.14

4.16

Medium

23121.60

64

19.96

12.63

4.1

Large

33738.20

176

31

20.27

7.94

Hematoma
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2.4. Boundary conditions and Contacts:
The head is fixed at zygomatic bone within 2995 nodes. All parts are connected with
each other by Automatic Single Surface Tied Contact. Hematoma is located on Master
side of contact and Cerebrum White on Slave side. In the finite element model of the
head, it’s always difficult to define boundary conditions (contacts) at the interface
between two layers. It’s important to first understand the anatomy of the head, how
each layer works and behaves with its neighbors. In order to respect the anatomy and
the literature tied contact definitions were used between each layer of the skull (Inner
skull to dura matter) and between all the brains components (Pia matter to tentorium).
These tied contacts are necessary because thanks to the fibers parts of the brain can’t
move independently. Then, to simulate the relative motion between the skull and the
brain, sliding contacts definitions [33] (called tie-break in LS-DYNA) are defined. It’s
important to define these contacts because the purpose of this study is to simulate the
displacement of the ICH within the brain. More specifically, the ICH progression
towards the lateral ventricles is accounted for and the whole hematoma is selected for
perpendicular displacement towards the lateral ventricles. The distance between the
hematoma and lateral ventricles is also varied. The location of hematoma next to the
ventricles is shown in Figure 4.

Figure 4: Hematoma perpendicular to the lateral ventricles

18 | P a g e

Chapter 4: Results

3.Results:
As there are a lot of independent factors influencing the results and in consideration of
the constraints from simulation, the results are sorted out and explained as following:

3.1. Resultant Displacement in Lateral Ventricles:

(a)Resultant Displacement in head due to a 1mm displacement of Extra small
Hematoma

(b)Resultant Displacement in Lateral Ventricles due to a 1mm displacement of Extra small Hematoma
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(c)Resultant Displacement in head due to a 3mm displacement of Large Hematoma

(d)Resultant Displacement in Lateral Ventricles due to a 3mm displacement of Large Hematoma
Figure 5: Resultant displacement in the human head - after displacement applied around the surface of
Hematoma, x-axis of hematoma at a distance of 8mm, perpendicular to x-axis of Lateral Ventricles
20 | P a g e

Chapter 4: Results

(a)Resultant Displacement in head due to a 1mm displacement of Extra small
Hematoma

(b)Resultant Displacement in Lateral Ventricles due to a 1mm displacement of Extra
small Hematoma
21 | P a g e
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(c)Resultant Displacement in head due to a 3mm displacement of Large Hematoma

(d)Resultant Displacement in Lateral Ventricles due to a 3mm displacement of Large
Hematoma
Figure 6: Resultant displacement in the human head - after displacement applied
around the surface of Hematoma, x-axis of hematoma at a distance of 16 mm,
perpendicular to x-axis of Lateral Ventricles
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Figure 5 and 6 show the resultant displacement in lateral ventricles as a result of
displacement applied around the surface of hematoma, x-axis of hematoma
perpendicular to x-axis of Lateral Ventricles at a distance of 8 mm and 16 mm
respectively. In both Figure 5 and 6, two cases namely extra small sized hematoma at
1mm progression and large sized hematoma at 3mm progression are observed. The
scope of expansion lies between these two extreme values for the distance between
hematoma and lateral ventricles at 8mm and 16mm. Figure 5(a, c) shows the effect of
the resultant displacement(RD) on the head, where the displacement has a significant
influence in the nearby radius of 1 mm and 3mm. The RD at large sized hematoma and
3 mm progression was around 4 mm higher than the extra small hematoma at 1 mm
progression. Likewise, Figure 5(b, d) shows the resultant displacement for a large sized
hematoma at 3mm was significantly higher than extra small at 1mm. Similar trend was
seen in Figure 6(a, b, c, d) as well at a distance of 16 mm between hematoma and Lateral
ventricles. In comparison between a distance of 8 mm and 16 mm between hematoma
and Lateral ventricles, higher resultant displacement in lateral ventricles was observed
at 8 mm and overall displacement in head was higher at a distance of 16 mm.
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3.2. Stress – strain behavior of hematoma in the brain tissue:

(a)

(b)

Distance between Hematoma & Lateral Ventricles is 8mm

Distance between Hematoma & Lateral Ventricles is 12 mm
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(c)

Distance between Hematoma & Lateral Ventricles is 16 mm

Figure 7:Effective Stress Vs. Effective Plastic Strain for different distances and
displacements

Figure 7 (a, b, c) demonstrates the Von-Mises stress distributions as a result of the
change in distances and displacements caused by the mass effect of the hematoma.
As it is known that the effective plastic strain is the unrecoverable portion of the
true strain beyond

the

yield

limit.

When

defining

the effective stress

versus effective plastic strain curve, the first plastic strain value would be zero and
the first stress value would be the initial yield stress. Here, in Figure 7 (a, b, c) two
different namely the displacement and size of hematoma are continuously varied.
The changing size of hematoma is represented with different colors and that of
changing displacement with various geometrical symbol shapes.
Now, looking at the scatter graph, it is noticeable that a similar trend is followed in
the plotted variables for all three distances between hematoma & lateral ventricles.
However, it is observed the values of effective stress and effective plastic strain are
lowered as a result of increasing distance between hematoma & lateral ventricles.
In general, all hematoma sizes are seen to have higher effective stresses and
subsequent permanent stretch in form of effective plastic strain with increased
displacement values. As seen from Figure 7 (a, b, c), the behavior of extra small
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sized hematoma, after initial displacement of 1mm, a converged value of effective
plastic strain is noticed for displacements of 2mm and 3mm despite the application
of higher effective stress. Moreover, for a small and medium sized hematoma,
increase in displacement value means a significant rise in effective stress and
effective plastic strain. Furthermore, for a large sized hematoma there was a
significant surge in values of stress and the resultant stretch was seen with changing
distances and displacements. It is interesting to note that a small sized hematoma at
a displacement of 3mm has excessive stresses and effective plastic strain than a
medium sized hematoma at displacement of 2mm but has equivalent plastic strain
with elevated stress values than large sized hematoma again at the displacement of
2mm. Additionally, the further the hematoma is from the lateral ventricles, it has
more chances of plastic deformation
Overall, analyzing the effective stress vs effective plastic strain helps us to
demonstrate that how various changing variables like displacement and size of
hematoma are a cause of permanent deformation which helps in growth of
hematoma as it forms an irregular shape. This influence is elaborated under the
discussion section.
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3.3. Maximum strain on Lateral Ventricles:

(a) Distance between Hematoma & Lateral Ventricles is 8 mm

(b) Distance between Hematoma & Lateral Ventricles is 12 mm
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(c) Distance between Hematoma & Lateral Ventricles is 16 mm
Figure 8:Maximum Strain Vs Displacement Applied
This section of results looks at the maximum strain caused on lateral ventricles by the
intracerebral hematoma. Here again the important factors influencing the results are the
changing sizes of ICH, relevant displacement of the ICH and the distance between
hematoma & lateral ventricles. Figure 8 (a, b, c) shows the percentage of maximum
strain on the lateral ventricles as a result of the displacement of hematoma. If the
maximum strain values are analyzed in Figure 8 (a), a 1 mm increase in displacement
significantly affects these numbers . However, it can be seen from Figure 8 (b, c) that
at a displacement of 1mm, only large sized hematoma has a significant effect on the
value of maximum strain and all the other sizes of hematoma have almost a similar
consequence on the maximum strain of lateral ventricles. For all cases the increase in
lateral displacement causes surge of maximum strain values for hematoma of all sizes.
Moreover, there is an obvious decrease in percentage strain of lateral ventricles with
increase in distance between hematoma and lateral ventricles. From Figure 8 (a, b, c),
it is seen that at a displacement of 3mm, a Large sized hematoma has a maximum strain
value of 19 %, 15.5 % and 13.5 % for distance between hematoma & lateral ventricles
of 8 mm, 12 mm and 16 mm respectively. These numbers are crucial, as the further an
ICH( no matter the size) is from the ventricles, lower impact is seen on the lateral
ventricles and its functions.
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3.4.Effect of Displacement on Intra-cranial Pressure:

(a)

Extra-small Sized Hematoma

(b)

Small Sized Hematoma
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(c)

(d)

Medium Sized Hematoma

Large Sized Hematoma

Figure 9:Maximum Pressure (inside hematoma, cerebrum and Ventricles) Vs
Displacement Applied
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Another important measure of the impact of ICH on the brain is the Intra-cranial
Pressure(ICP). To get a context, ICP usually measured in a diagnostic test by
determining if high or low cerebrospinal fluid (CSF) pressure is causing the symptoms
of any brain related disease. The normal ICP in healthy adult subjects have been
reported to be within the range of 7–15 mm Hg and a pressure above 15 mm Hg can be
regarded as elevated [34]. Following head injury, anything above 20 mm Hg is
abnormal and aggressive treatment usually starts above 25 mm Hg [35].
Here the ICP is measured against the change in displacement for extra small, small,
medium and large sized hematomas separately in Figure 9 (a, b, c, d) respectively. The
ICP is measured for four different cases. These include maximum pressure in hematoma
due to the displacement, maximum pressure on cerebrum as a result of displacement of
hematoma and maximum pressure caused on lateral ventricles by the ICH at the
distances of 8 mm and 16 mm. The 12 mm distance between hematoma and lateral
ventricles is skipped as its maximum pressure values were almost an average of the two
extreme distances, namely 8 mm and 16 mm.
From Figure 9 (a, b, c, d), it is easily observable that the maximum pressure on lateral
ventricles at the distance of 8 mm is always higher than at 16 mm, as at 8 mm hematoma
is closer to its surface than at 16 mm. However, the overall trend in maximum pressures
with respect to the size of hematoma does change. In Figure 9 (a), for an extra small
sized ICH at displacement of 1mm and 2mm the maximum pressure on ventricles and
that at cerebrum white is still under the prescribed limit. Nevertheless, the values of
maximum pressure on hematoma surface as a result of displacement is always larger
than normal and an abnormality is observed around cerebrum white at displacement of
3 mm. In Figure 9 (b, c) maximum pressure values at both ventricle cases and cerebrum
white for the small and medium sized ICH are noted to grow above the 20-mmHg
threshold and 25-mmHg respectively for displacements above 2mm. Interestingly, the
large sized hematoma in Figure 9 (d) is detected to be well above 25-mmHg for all
different four different regions being measured. In addition, at a displacement of 3 mm,
the maximum pressure at lateral ventricles at a distance of 8 mm from ICH is at a highly
dangerous value of 40-mmHg. This value has soared even higher than the maximum
pressure in cerebrum white and that of hematoma itself, which goes on to show how
close the ICH has come to the lateral ventricles, such that its slight movement can be
catastrophic.
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4. Discussion:
From the results it is quite apparent that the maximum strain of lateral ventricles and
ICP are of high significance when measuring the after effects of an ICH. So, on the
basis of these outcomes the discussion layout is elaborated as follows:

4.1. Influence on shape and size of hematoma as a result of
displacement:
From the scatter graph in Figure 6 and bar charts of Figure 7 and 8, it is a common
knowledge that size of hematoma is of paramount importance. From results in Figure
6, the increase in size of hematoma meant higher effective stresses and subsequent rise
in effective plastic strains was also seen. This means that as a result of displacement the
deformation of a hematoma from a regular to an irregular shape is highly likely. ICH
shape has been getting growing attention lately. When compared to a regular shaped
hematoma, the irregular shaped hematoma has got an increased risk of hematoma
growth as new bleeding occurs at the border of the hematoma. [36]. This means that it
predicts deterioration of a patient’s condition [37] and thus has been known as a
causation for early mortality [38]. The latest explanation from neuroscience says that
new bleeding areas at the periphery of the hematoma have been found to sustain this
inflammation for a longer span and is central to worst case scenario for patients with
irregular ICH [39]. A possibility is that irregularity caused by effective plastic strain as
a result of displacement, may contribute to deteriorating perihematomal edema, a wellknown determinant of poorer outcome [18].
Moreover, from the results transformation of regular shaped hematoma to an irregular
shaped hematoma are significantly greater for the large sized ICH. It is validated fact
that it is common, specifically in cases of ICH with size greater than 30 cc [11].
Moreover, the hematoma size and its irregularity are also associated with lower GCS
score and higher ICH score [10]. Another big influence of large size of hematoma is
unusually higher ratio of Intra ventricular Hematoma (IVH), which shall be looked in
detail in next section. Therefore, the irregularity caused in hematoma as a result of
effective plastic strain is also a case of high chances of 30-day mortality rate than a
regular shaped hematoma.
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4.2. Analysis of ICH outcomes on Lateral Ventricles:
Figure 8 and 9 mainly talked about the effects of maximum strain and maximum
pressure on the lateral ventricles. So, this section looks into what are some of the
consequences of these elevated pressure and strain values. The lateral ventricles are
lined with a specialized membrane called the choroid plexus, which is made up of
ependymal cells. These cells are responsible for CSF production and also form
the cranial pia mater, which covers the surface of the brain. This layer goes in between
the cerebral gyri and cerebellar laminae, folding inward to create the choroid plexuses
of the lateral ventricles [40]. The strength of pia mater has been analyzed and found to
have a maximal mean force and corresponding maximal deformation at 1.1 N and 19
%, respectively [41]. This value of maximal deformation is very important when
compared with the results shown in Figure 8(a, b, c). As in Figure 8 (a), the value of
maximum strain for a large sized hematoma reached a value of 19 %. This means that
the large sized Intra cerebral hematoma may rupture the lateral ventricles and thus
initiate an Intra ventricular hematoma(IVH). As discussed before, this is a common
phenomenon when a hematoma with volume greater than 30 cc is involved and it
contributes in determining the ICH score.
Although, it is a common knowledge that IVH is linked with hydrocephalus, the
primary mechanisms remain unclear. Some advanced studies have specified that post
hemorrhage, iron might play a pivotal role in hydrocephalus and brain injury [42-45].
After disrupting the brain–cerebrospinal fluid (CSF) barrier because of IVH,
intracerebral hematoma may provide a source of iron for release into the ventricular
system via this breached pathway, gradually leading to permanent brain damage.
Moreover, the presence of both ICH and IVH would generate more significant
hydrocephalus and brain injury than IVH alone [46]. The ICH/IVH combination leads
to much higher iron levels in the CSF and periventricular zone, as well as more severe
ependymal cilia damage, compared with primary IVH. Thus, the iron-mediated
ependymal cilia injury may result in defective CSF dynamics and aggravate post
hemorrhagic hydrocephalus. Furthermore, brain atrophy and loss of tissue after ICH
could enhance ventricular size, which may interfere with the IVH-induced ventricular
dilation [47].
The other important factor influencing the lateral ventricles was the intra cranial
pressure(ICP). Elevated levels of ICP can cause both IVH and hydrocephalus. In fact,
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hydrocephalus may cause a raised intracranial pressure (ICP) as well, together with a
low-pressure gradient [48]. It is worth mentioning that large ICH is associated with
elevated intracranial pressure refractory to these measures is fatal in most patients, but
a barbiturate coma may be considered as a last resort to try to reduce intracranial
pressure [49]. For patients with ICP greater than 30 mmHg, caused due to the presence
of ICH, also had a big influence on the level of consciousness of the patient and most
of them suffered with confusion, drowsiness or coma [50].Ventricular drains should be
used in patients with or at risk for hydrocephalus. Drainage can be initiated and
terminated according to clinical performance and ICP values. The volume of IVH
strongly affects morbidity and mortality at 30-days [51].
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5. Conclusion:
Generally, the human brain is one of the most vulnerable and sensitive organs of human
body. Strokes like ICH are catastrophic to the functioning of brain and in most cases
are lethal. The purpose of this study was to account for the effect of progression of
hematoma on lateral ventricles. This analysis used FEM simulations to understand these
impacts on lateral ventricles. The study was designed for four different volumes of ICH
with volumes ranging from 5 cm3 to 33 cm3. Moreover, the distance between the
hematoma and lateral ventricles was varied between 8mm, 12mm and 16mm. In
addition, the perpendicular progression of hematoma towards the lateral ventricles was
1mm, 2mm and 3mm which was another distinguishing factor. The results are classified
as follows:
1. In comparison between a distance of 8 mm and 16 mm between hematoma and Lateral
ventricles, higher resultant displacement in lateral ventricles was observed at 8 mm and
overall displacement in head was higher at a distance of 16 mm.
2. The graphical analysis of effective stresses and effective plastic strains showed a trend
of significant deformations as a result of increasing displacement values
3. Maximum strain on lateral ventricles was studied w.r.t to changing volume and
displacement, which revealed the serious strain values for Large sized hematoma of
19% at a progression of 3 mm and an 8 mm distance between the ICH and LV.
4. Intra cranial pressure was also measured in the different regions of brain accounting for
abnormal range of ICP above 25 mmHg in case of small and medium sized hematomas.
Whereas, the large sized hematoma had lethal values of above 35 mmHg.
5. The Discussion suggested that the size of ICH, its distance relative to the lateral
ventricles and the perpendicular displacement of hematoma towards LV was a
causation an Intraventricular Hemorrhage (IVH) and negatively influenced the pressure
gradient in LV resulting in hydrocephalus.
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